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MICROSTRUCTURES OF MERCURY-BASED CUPRATE THIN FILMS

INTRODUCTION

Development of high-quality Hg-based cuprate (HgBapCay,.1CupnO2042+8, n=1-5) thin films
is of primary importance for numerous electronic device applications because of their potential to be
operated at temperatures above 120 K [1,2]. However, the high volatility and high toxicity of Hg and
Hg-based compounds makes synthesis of such films extremely difficult. Considerable progress has
been made recently which includes fabrication of c-axis oriented HgBayCajCupOg..§ (Hg-1212) thin
films using atomic-scale mixing of HgO/BapCajCupOg,.§ precursors followed by Hg-vapor
annealing [3] and fabrication of c-axis oriented Hg-1212 and HgBayCapCu30g,.§ (Hg-1223) thin
films using fast temperature ramping Hg-vapor annealing (FTRA) of non-Hg-containing
BapCayp_1CupO2p424+8 (n=2,3) precursor films [4,5]. Both of these processes are composed of two
steps: deposition of either Hg-containing or Hg-free rare-earth copper precursor films and high
temperature Hg-vapor annealing. Since the precursor films are amorphous and insulating, the Hg-
based superconducting phases are formed during post Hg-vapor annealing when Hg is incorporated
into the film through thermal diffusion. Since the film properties depend directly on the annealing
process, important information on the growth mechanism (which is not well understood due to the
volatility of Hg) of the Hg-based cuprate thin films is contained in microstructure and surface
morphology data. Therefore, we have recently conducted a systematic study on the microstructures
and surface morphology of the Hg-1212 and Hg-1223 thin films using scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDS) techniques. In this article, we present the
experimental results of the investigation.

SAMPLE PREPARATION

The details of sample preparation have been reported previously [4,5]. Briefly, the precursor
BapCapCu3Ox films are radio-frequency sputtered from a BapCapCu3Oy target onto (100)-oriented
SrTiO3 or LaAlO3 substrates at room temperature in 0.05 Torr pure Argon. The deposition chamber
is pumped down to 10-6 Torr and flushed with pure Ar gas before deposition begins. The target is
presputtered for half an hour each time before the film is deposited in order to remove the target surface
layer. The controlled thicknesses of the precursor films range from 0.2 to 0.8 um as calibrated using
the cross-sectional thickness obtained from SEM. The films used for SEM/EDS study in this work are
all around 0.35 pm. After sealing the film in a precleaned and evacuated quartz tube together with
pellets of unreacted HgBapCapCu3Oy and precursor BayCapCu3Oy, the precursor films are annealed
at high temperatures for varying periods. Two different annealing processes are used: conventional
slow temperature ramping Hg-vapor annealing (STRA) [3,6] in which the sample assembly




temperature is slowly increased at a rate of 2.5 °C/mih.; and FTRA [5] in which the sample assembly
temperature is rapidly increased (>10 *C/min.) to the annealing temperature. For some cases of FTRA
the sample assembly is inserted into a preheated furnace directly, thus, the heating period is estimated
to be less than one minute. In both STRA and FTRA processes, the sample assembly is held at the
annealing temperature (790-860 °C) for 15-60 minutes and then cooled slowly (2.5-5 °C/min.) to room
temperature.

EXPERIMENTAL RESULTS

Fig. 1 shows SEM pictures of the typical surface morphology of Hg-1223 films made using
the STRA process. These films were annealed for 30 min. at 800 °C. In Fig. 1(a), several different
types of phases can be.identified using the EDS technique with a focused electron beam. The large
size grains are superconductor grains which have the same composition as that expected for the
stoichiometric Hg-1223 phase. Square and hexagonal shape blocks are a Ba and Cu rich phase which
has a composition ratio of Ba:Cu of 2:1 and very little trace of Hg and Ca. The small irregular shape
blocks are a Ca and Hg rich phase as confirmed by EDS and the bright image in the backscattering
micrograph of the film as shown in Fig. 1(b). EDS analysis on the bright spots indicates that these
irregular shaped small blocks have a composition of HgCaO9, a major impurity phase formed during
Hg-vapor STRA of the Hg-based superconductors. Hg-compounds such as HgO are extremely
volatile. For example, HgO which was used in this experiment decomposes at around 500 °C and
Hg"‘2 starts to react with the precursor as Hg diffuses through the sample surface. Since the formation
of Hg-based cuprate superconducting phases requires annealing temperatures around 800 °C, the
formation of HgCaO7 can dominate during the heating process from 500-800 °C. During Hg-vapor
STRA processing of films, the precursor sample spends an exceedingly long period of time (roughly 2
hours) in the temperature range 500-800 °C where formation of HgCaO can occur. Even though the
STRA process has been used successfully for fabrication of bulk Hg-based superconductors, the
phase diagram may not be favorable and/or the kinetics for formation of HgCaO7 may be sluggish
such that only a small volume fraction of a large bulk sample has the HgCaO» impurity phase. On the
other hand, the same STRA processing of a thin film can result in a relatively large volume fraction of
the HgCaO» impurity phase. HgCaO» seriously degrades the superconducting properties of the film
because the volume portion of the superconducting phase will be significantly reduced. Moreover, as
shown in Fig. 1(a), a relatively rough surface morphology has been observed in most films made
using the STRA process. The surface roughness over a 10 um length ranges from 30-90 % of the film
thickness from a cross-section SEM study. Moreover, holes are visible in many of these films and
EDS analysis over the hole area discerns mostly substrate signals indicating that these holes are almost
through the film. Even though these films are c-axis oriented as suggested by the x-ray diffraction
pattern [7], poor alignment of the film with respect to the substrate has been demonstrated using an ion
beam channeling experiment.



Most Hg-based superconducting thin films made using the STRA process also have a poor
film/substrate interface structure as confirmed using Auger and Rutherford backscattering (RBS)
analysis which reveal serious Ba diffusion into the substrates. The range of Ba diffusion, typically a
few um, increases with the Hg-vapor annealing time and temperature. When the total high temperature
processing time is effectively reduced in the FTRA process, the Ba diffusion range is also reduced
which results in a better film/substrate interface. The details of the Auger and RBS study will be
published elsewhere. In particular, when the annealing temperature is higher than 800 °C in the STRA
process, an island type of growth of the superconducting phase is observed as shown in Fig. 2. The
brighter islands in the backscattering micrograph (right half) are found to be stoichiometric Hg-1223
phase while the darker portion connecting these islands is an Hg-deficient and Ca-deficient Hg-1223
phase with poor superconducting properties. This is easily understood due to formation of the
HgCaO) impurity phase. Observation of the relatively large volume fraction of the HgCaO7 impurity
in the film is consistent with the low zero-resistance T, and low critical current density (J.) of these
samples [7].

Figure 1. SEM pictures of Hg-1223 films fabricated at 800 °C using the
STRA process. The upper was taken using a secondary electron detector
and lower is a split screen of secondary (left) and backscattered SEM.
Both pictures have a magnification of 2000.



Figure 2. SEM picture of an Hg-1223 film fabricated at 820 °C using the
STRA process.

Both superconducting phase purity and surface morphology of Hg-based cuprate thin films can
be significantly improved by using the FTRA process. In the FTRA process, the heating period is
reduced from 5-6 hours to typically 1-15 minutes. Fig-3 shows a typical SEM of the surface
morphology for an Hg-1223 film made using the FTRA (50 °C/min.) process. The annealing period,
temperature and the cooling process used for this sample are similar to that for the sample shown in
Fig. 1. As shown in Fig. 3, only a few bright spots are visible indicating that the amount of HgCaO»
is greatly reduced when the FTRA process is adopted. This is consistent with the x-ray diffraction
pattern of the same sample where little trace of HgCaO» was detected. The surface roughness of the
film has been reduced to 20-35 % of the film thickness over a 10 um range. The well connected
network of superconducting phase as seen in Fig. 3 results in a high zero-resistance T, between 125-
130 K and high J's, for example, up to 3 x 106 A/cm? at 77 K and zero field.

Figure 3. SEM picture of an Hg-1223 film fabricated using the FTRA
process.

Even using the FTRA process, the surface morphology of the Hg-based cuprate thin films is
found to be sensitive to the partial pressure of the Hg-vapor which is controlled by the mass ratio
between the unreacted stoichiometric pellet and the non-Hg-contain rare-earth cuprate pellet and the
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ratio between the total mass of two pellets and the volume of the quartz tube. Fig. 4 shows a
comparison of two Hg-1223 films made using the same FTRA process with nonstoichiometric
unreacted bulk pellets. Fig. 4(a) corresponds to a sample annealed using 15 % (wt) more HgO in the
pellet while Fig. 4(b) corresponds to a sample annealed using 15 % (wt) less HgO in the pellet. In
conjunction with Fig. 3 in which the film was annealed using a stoichiometric pellet, it is observed that
the surface of the film is smoother when the Hg-content in the pellet is slightly below stoichiometry. It
is interesting to point out that the superconducting properties such as T, and J. of all three films are
comparable.

(b)

Figure 4. Comparison of surface morphology of Hg-1223 thin films
made with 15 % (wt) more (upper) and 15 % (wt) less Hg in the unreacted
stoichiometric pellet.

The detrimental effects of moisture and CO7 on the FTRA processing of the precursor films are
less significant than for STRA processing. However, films with degraded superconducting properties
do occur and are a serious concern since the mechanism of contamination is not clearly understood.
As shown in Fig. 5, two types of "poor" quality films have been observed and may result from
contamination of moisture and CO5 from the air. One has a light grey color [Fig. 5(a)] or can be even
transparent and is completely insulating after Hg-vapor annealing. The other is initially
superconducting after Hg-vapor annealing and gradually degrades (within 30 min. to 1-2 hours) if
thermal cycling is applied. In this case, a color change of the film from black to transparent is visible
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during the degradation. Cracks in the film are observed in the SEM picture as shown in Fig. 5(b). It
is observed in both of these "poor" quality films that Ca-content is only one third to half of the correct
stoichiometry. Further investigation into this issue is underway in order to understand the mechanism
for contamination and film degradation.

Figure 5. Surface morphology of contaminated Hg-1223 thin films.
(Upper) “Poor” film immediately after the annealing and (lower)
degraded film after one thermal cycle.

In conclusion, the surface morphology of Hg-1223 thin films can be significantly improved
using FTRA processing. Impurity phases, especially the HgCaO» are effectively suppressed using
FTRA processing. FTRA processing of Hg-based superconductors results in high quality
superconducting Hg-based cuprate thin films that are useful for many applications.
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